We discuss the expected sensitivity to Z ′ boson effects in the W ± boson pair production process TeV and 100 fb −1 , and should be φ ∼ 10 −4 − 10 −3 .
I. INTRODUCTION
Nearly all electroweak and strong-interaction data are well described by the standard model (SM) [1] . However, there are many reasons why this is not believed to be the ultimate theory. Grand Unified Theories (GUT), possibly together with Supersymmetry, which allows a successful unification of the three gauge coupling constants at the high scale, are among the main candidates for new and richer physics. Many of these GUTs, including superstring and left-right-symmetric models, predict the existence of new neutral gauge bosons, which might be light enough to be accessible at current and/or future colliders [2] [3] [4] [5] .
The search for these Z ′ particles is an important aspect of the experimental physics program of current and future high-energy colliders. Present limits from direct production at the LHC and virtual effects at LEP, through interference or mixing with the Z boson, imply that new Z ′ bosons are rather heavy and mix very little with the Z boson. Depending on the considered theoretical model, Z ′ masses of the order of 2.5-3.0 TeV [6] [7] [8] [9] and Z-Z ′ mixing angles at the level of a few per mil are excluded [10] [11] [12] . The size of the mixing angle is strongly constrained by very high precision Z-pole experiments at LEP and the SLC [13] . They contain measurements from the Z line shape, from the leptonic branching ratios normalized to the total hadronic Z decay width and from leptonic forward-backward asymmetries. A Z ′ boson, if lighter than about 5 TeV, could be discovered at the LHC [14, 15] with √ s = 14 TeV in the Drell-Yan process
with ℓ = e, µ. The future e + e − International linear collider (ILC) with high c.m. energies and longitudinally polarized beams could indicate the existence of Z ′ bosons via its interference effects in fermion pair production processes, with masses up to about 6 × √ s [16] while Z-Z ′ mixing will be constrained down to ∼ 10 −4 − 10 −3 in the process e + e − → W + W − [17, 18] .
After the discovery of a Z ′ boson at the LHC via the process (1), some diagnostics of its couplings and Z-Z ′ mixing needs to be done in order to identify the correct theoretical framework. In this paper we study the potential of the LHC to discover Z-Z ′ mixing effects in the process
and compare it with that expected at the ILC.
The W ± boson pair production process (2) is rather important for studying the electroweak gauge symmetry at the LHC. Properties of the weak gauge bosons are closely related to electroweak symmetry breaking and the structure of the gauge sector in general. In addition, the diboson decay modes of Z ′ directly probe the gauge coupling strength between the new and the standard-model gauge bosons. The coupling strength strongly influences the decay branching ratios and the natural widths of the new gauge bosons. Thus, detailed examination of the process (2) will both test the gauge sector of the SM with the highest accuracy and throw light on New Physics (NP) that may appear beyond the SM.
Direct searches for a heavy W W resonance have been performed by the CDF and D0
collaborations at the Tevatron. The D0 collaboration explored diboson resonant production using the ℓνℓ ′ ν ′ and ℓνjj final states [19] . The CDF collaboration also searched for resonant W W production in the eνjj final state, resulting in a lower limit on the mass of an RS graviton, Z ′ and W ′ bosons [12] .
The direct W W resonance search by the ATLAS Collaboration using lνl ′ ν ′ final-state events in 4.7 fb −1 pp collision data at the collider energy of 7 TeV set mass limits on such resonances [20, 21] . Also, the lνjj final state allows to reconstruct the invariant mass of the system, under certain assumptions on the neutrino momentum from a W boson decay.
In this note, we examine the feasibility of observing a Z ′ boson in the W ± pair production process at the LHC, which in contrast to the Drell-Yan process (1) is not the principal discovery channel, but can help to understand the origin of new gauge bosons. In the scenarios that we will consider in the following, the mechanism of Z ′ production and subsequent decay to W W is directly proportional to the Z-Z ′ mixing. Also, we show that the sensitivity of the W ± pair production process in their pure leptonic decay channels to the Z-Z ′ mixing angle at the LHC with 8 TeV allows to place limits on the mixing angle that are complementary to those derived from the current electroweak data, whereas the increasing LHC energy and time-integrated luminosity up to their planned values allow to get corresponding limits that are competitive to the current ones and to those expected from future ILC data.
The paper is organized as follows. In Section II, we briefly review models involving additional Z ′ bosons and emphasize the role of Z-Z ′ mixing in the process (2) . In Section III we give expressions for basic observables, as well as formulae for helicity amplitudes of the process under consideration. In Section IV we discuss signals and backgrounds, both for the ee, µµ and for the eµ cases, and in Section V we discuss achievable constraints on Z ′ models.
Section VI presents some concluding remarks.
II. Z ′ MODELS
There are many theoretical models which predict a Z ′ with mass possibly in the TeV range. Popular classes of models are represented by E 6 -motivated models, the Left-Right Symmetric Model (LR), the Z ′ in an 'alternative' left-right scenario and the Sequential Standard Model (SSM), which has a heavier boson with couplings like those of the SM Z.
Searching for Z ′ in the above models has been widely studied in the literature [2] [3] [4] and applied at LEP2, the Tevatron and the LHC. For the notation we refer to [17] , where also a brief description can be found. The different models considered are: (i) Models related to the breaking of E 6 , parametrized by a parameter β, familiar cases are the Z
In general, such mixing effects reflect the underlying gauge symmetry and/or the Higgs sector of the model. To a good approximation, for M 1 ≪ M 2 , in specific 'minimal-Higgs models', superstring-inspired models C can be expressed as [22] 
where s W is the sine of the electroweak angle, σ is the ratio of vacuum expectation values squared, and the constants A and B are determined by an angle β defining a direction in the extended gauge symmetry sector: A = cos β/2 √ 6, B = √ 10/12 sin β.
An important property of the models under consideration is that the gauge eigenstate Z ′ does not couple to the W + W − pair since it is neutral under SU(2) L . Therefore the process (2) is sensitive to a Z ′ only in the case of a non-zero Z-Z ′ mixing.
From (4), one obtains the vector and axial-vector couplings of the Z 1 and Z 2 bosons to fermions:
similarly defined in terms of the Z ′ couplings. The fermionic Z ′ couplings can be found, e.g. in [17] .
Analogously, one obtains according to the remarks above:
where
In our analysis, we ignore kinetic mixing [23] . Such mixing would introduce an additional parameter, and could modify the exclusion reach (see, for example [24, 25] ).
III. CROSS SECTION
The parton model cross section for the process (2) from initial quark-antiquark states can be written as
Here, s is the proton-proton center-of-mass energy squared; z = cos θ with θ the W − -bosonquark angle in the W + W − center-of-mass frame; y is the diboson rapidity; f q|P 1 (ξ 1 , M) and fq |P 2 (ξ 2 , M) are parton distribution functions in the protons P 1 and P 2 , respectively, with
exp(±y) the parton fractional momenta; finally, dσ/dz are the partonic differential cross sections. In (10), the K factor accounts for next-to-leading order QCD contributions [26, 27] (for the invariant W W mass-dependent cross section, see [28, 29] ). For simplicity, we will use as an approximation a global flat value K = 1.2 [28, 29] both for the SM and Z ′ boson cases. For numerical computation, we use CTEQ-6L1 parton distributions [30] . Since our estimates will be at the Born level, the factorisation scale µ F enters solely through the parton distribution functions, as the parton-level cross section at this order does not depend on µ F . As regards the scale dependence of the parton distributions we choose for the factorization scale the W W invariant mass, i.e., µ Taking into account the experimental rapidity cut relevant to the LHC experiments, (Y cut = 2.5), one should carry out the integration over the phase space in (10) determined as [31, 32] :
where we make use of the fact that we do not consider low masses, ln( √ s/M) < Y cut . This leads to a cut in the production angle
W /ŝ and M W is the W boson mass. The resonant Z ′ production cross section of process (2) needed in order to estimate the expected number of Z ′ events, can be derived from (10) by integrating its right-hand-side over z, the rapidity of the W ± -pair y and invariant mass M around the resonance peak
We adopt the parametrization of the experimental mass resolution ∆M in reconstructing the diboson invariant mass of the W + W − system, ∆M vs. M, as proposed in Ref. [33] .
(After integration over y, interference effects vanish.)
The parton level W ± boson pair production can be described, within the gauge models discussed here, by the subprocesses
as well as t-and u-channel Feynman diagrams displayed in Fig. 1 . The differential (unpolarized) cross section of process (14) can be written as:
Here, N C is the number of quark colors; λ = −λ ′ = ±1/2 are the quark helicities; the helicities of the W − and W + are denoted by τ, τ ′ = ±1, 0. The helicity amplitudes
are summarized in Table I that reproduces the SM expectations if one ignores the effects of the Z-Z ′ mixing [31, 34, 35] . Thereŝ,t,û are the Mandelstam variables defined aŝ
In the t-and u-channel exchanges of Fig. 1 we account for the initial q = u, d, s, c, only the CKM favoured quarks in the approximation of unity relevant matrix element.
In evaluation of the total width Γ 2 of the Z 2 boson we take into account its decay channels into fermions (quarks and leptons) and W ± boson pair [36] :
Further contributions of decays involving Higgs and/or gauge bosons and supersymmetric partners (including sfermions), which are not accounted for in (16) , could increase Γ 2 by a model-dependent amount typically as large as 50% [36] . For a discussion of width effects, see [37] .
The fermion contribution, f Γ f f 2 , depends on the number n g of generations of heavy exotic fermions which can contribute to Z 2 decay without phase space suppression (we can assume that the three known generations do contribute). This number is model dependent is unimportant. For definiteness the Z 2 width Γ 2 is assumed to scale with the Z 2 mass
This scaling is what would be expected for the reference model SSM [38] . Choosing this scaling is a conservative assumption since in E 6 models, the Z 2 width would be substantially narrower than this (see Table II ).
The differential cross section for the processes→ Z ′ → W + W − , averaged over quark colors, can easily be obtained from Eq. (15) and written as [39] dσ
The resonant production cross section of process (2) at hadronic level can be derived from Eqs. (10) and (17). helicity of 
It is important to notice that the dominant term in Eq. (17), for
4 ·sin 2 θ and corresponds to the production of longitudinally polarized W 's,
This increasing (with the parton sub-energy squaredŝ) behavior of the cross section in the Z ′ scenarios considered in Table II , would, in turn, result in a corresponding enhanced sensitivity to Z-Z ′ mixing at high M.
For illustrative purposes, the invariant mass distribution of W ± pairs in the process Fig. 2 . The W ± -pair invariant mass distribution (dσ/dM) is calculated with the same parton distribution functions and event selection criterion as those used in Ref. [40] . Also, the bin size ∆M of the diboson invariant mass is depicted for comparison with the Z ′ width. For numerical computations, we take ∆M = 0.03M. The W bosons are kept on-shell and their subsequent decays are not included in the crosss sections represented in Fig. 2 . Here, we assumed that the invariant mass distribution of the cross section can be reconstructed from the decay products of the Fig. 2 shows that at the LHC with integrated luminosity L int = 100 fb −1 the expected number of W + W − background events within a mass bin ∆M is of the order of a few events while the resonant yield at φ = 10 −3 is N Z ′ ∼ 100.
IV. SIGNAL AND BACKGROUNDS
In this section we focus on the W W production via intermediate Z ′ and subsequent purely leptonic decay of on-shell W ′ s, that will be probed experimentally at LHC, namely: and, following the analysis given in [42, 43] , we briefly introduce the main backgrounds and possible cuts to enhance the Z ′ signal to background ratio. The W W → τ νlν and W W → τ ντ ν processes with τ leptons decaying into electrons and muons with additional neutrinos are also included. Three final states are considered, based on the lepton flavor, namely ee, µµ, and eµ [21] . The branching fraction of the decay channels W W into e + e − , e + µ − and µ + µ − pairs can be found in Table III .
The presence of (at least) two neutrinos in the final state makes almost impossible the complete reconstruction of the W W invariant mass, so that in any case the Z ′ peak would be broadened. (For the pure leptonic channel discussed below, the actual final-state width will be broader [42] , however this is not the case for the semileptonic channel.) For an attempt to reconstruct the M W W distribution by means of estimating the momenta of escaping neutrinos, see, for example, Ref. [43] . Alternatively, a possible kinematical variable to 
A. Different-flavor leptons
In the case of different-flavor leptons (eµ), the Z ′ signal in the process (18) possesses SM backgrounds coming from the production of W + W − pairs with its subsequent leptonic decay.
In order to perform effectively the detection and isolation of the final leptons with opposite charges, paralleling Ref. [42] we apply:
where ∆R ll = (∆η) 2 + (∆φ) 2 parametrizes the separation in rapidity η and azimuthal angle φ. 
The above constraints will be included in the statistical analysis carried out in the next section. Of course, an even stronger background suppression, relative to the Z ′ signal, might be obtained by imposing the reconstructed W W mass to coincide within a width with the [possibly determined fron DY] Z ′ mass.
B. Same-flavor leptons
For same-flavor leptons (ee or µµ) there are additional backgrounds originating from Drell-Yan lepton pair production, and from the ZZ production with one Z decaying into charged leptons and the other decaying invisibly or with both Zs decaying into charged leptons, two of which escape undetected. In this case, two extra cuts should be imposed in order to suppress the Drell-Yan pair production and ZZ background, namely
respectively. As was concluded in [42, 43] , after applying the cuts, the electroweak background originating from tt pair production at high Z ′ masses becomes negligible with respect to the irreducible background induced from W + W − pair production via the SM.
V. CONSTRAINTS ON Z ′
In our analysis, we denote by N SM and N Z ′ the numbers of 'background' and 'signal' events, and we adopt the criterion N Z ′ = 2 √ N SM or 3 events, whichever is larger, as the minimum signal for discovery at the 95% C.L. [4] . Here, the Z ′ signal can be determined as
with
In Eq. (23), L int is the time-integrated luminosity, and A × ǫ ℓ is the product of the overall acceptance times the lepton detection and reconstruction efficiencies, for which we take the value 0.5 [21] . The SM background reads:
where σ EW SM is determined by Eqs. (13) and (15) taking into account solely the SM contribution. Also, in the latter expression for N SM we take into account that for heavy M Z ′ , σ EW SM ≫ σ tt SM as was shown in [42] . One should notice that the latter estimation of the SM background, σ EW SM , is consistent with what is obtained by using the so-called MAOS method to reconstruct the W W invariant mass described in [43] . However, we numerically find that at high Z ′ mass, M Z ′ > 3 TeV, the SM background becomes so low that the criterion N Z ′ = 3 can be applied in obtaining constraints on Z ′ parameters. We depict in Figs. 3-5 the region in parameter space to which the LHC will be able to constrain Z-Z ′ mixing for an integrated luminosity of 100 fb −1 .
In particular, the discovery reach on the Z-Z ′ mixing and M 2 mass for Z (1) TeV and 0.5 (1) ab −1 , respectively) are also presented [17] . Figs. 3-5 show that the LHC is able to not only significantly improve the current limits on the Z-Z ′ mixing angle, but in several cases, also allow more stringent bounds than those expected from future experiments on the W W channel at the electron-positron collider ILC [11] .
In ), and at least two jets,
An advantage of that process is that it has a higher crosss section with respect to the pure leptonic final states. Also, the lνjj final state allows the reconstruction of the invariant mass of the W W system, under certain assumptions for the neutrino longitudinal momentum from a W boson decay. As a result, a sharper Z ′ signal can be obtained. On the other hand, this channel has large QCD backgrounds due to the W jj production, as well as Zjj with Z decaying leptonically and one of the leptons being missed. Also, tt production contributes to the background. However, the large QCD background can be reduced by making use of the characteristic harder transverse momenta of the charged lepton and the jets in the Z ′ signal.
A detailed analysis of the QCD background and the corresponding cuts imposed, resulting in its substantial reduction, the estimation on the discovery potential of the Z ′ boson in this channel is given in [38] and, more recently, in [42] . For the overall background we refer to
Ref. [38] in our further analysis, in order to quantify the expected statistical significance as a function of M Z ′ for different Z ′ models. We find that for the integrated luminosity of 100 fb −1 the semileptonic channel allows to make further improvement of the current limits on the Z-Z ′ mixing angle as reported in Fig. 7 and summarized in Table IV . In Fig. 7 we also show the φ-M 2 relation for the specific 'minimal-Higgs model' determined by Eq. (6) where C is chosen to be unity [38, 49] . The possibility of the Z ′ boson detection in the semileptonic decay mode of W W at the LHC has been discussed in [38] . Our numerical results for this model presented in Fig. 7 are consistent with those given in Ref. [38] . However, an improvement with respect to the EW data is for the reference model only possible for negative values of φ.
VI. CONCLUDING REMARKS
In Table IV , we collect our limits on the Z ′ parameters for the models listed in Section II.
Also shown in Table IV Table IV shows that the limits on φ from the EW precision data are generally competitive with and in many cases stronger than those from the colliders, except for the ILC (1 TeV) and LHC (14 TeV) that possess high potential to improve substantially the current bounds on the Z-Z ′ mixing angle. We stress that these limits are highly complementary. 
